Gap-junctional communication between neurons and astrocytes dissociated from rat brain was identified in culture by using dye-transfer assays and electrophysiological measurements. Cell types were identified by using antibodies against ␤-tubulin III, glial fibrillary acidic protein, and 2,3-cyclic-nucleotide phosphohydrolase, which are antigenic determinants of neurons, astroglia, and oligodendrocytes, respectively. Dye coupling was examined as a function of time after dissociated embryonic brain cells were plated onto confluent monolayers of postnatal astrocytes by intracellularly injecting the fluorochrome Lucifer yellow. Coupling of neurons to the astrocytic monolayer was most frequent between 48 h and 72 h in culture and declined over the next 4 days. This gradual uncoupling was accompanied by progressive neuronal maturation, as indicated by morphological measurements in camera lucida drawings. Dye spread was abolished reversibly by octanol, an agent that blocks gap junction channels in other systems. Double whole-cell voltage-clamp measurements confirmed the presence of heterocellular electrical coupling in these cocultures. Coupling was also seen between neurons and astrocytes in cocultures of cells dissociated from embryonic cerebral hemispheres but was rarely detectable in cocultures of postnatal brain cells. These data strongly suggest that junctional communication may provide metabolic and electrotonic interconnections between neuronal and astrocytic networks at early stages of neural development and that such interactions are weakened as differentiation progresses.
The nervous system has great complexity in terms of the diversity of cellular contacts and the broad range of information processing performed by neural cells. Thoroughly debated and overwhelmingly accepted nearly a century ago, the neuron doctrine (1) not only established cellular individuality in the brain parenchyma but also designated neurons as the functional elements in signaling in the central nervous system (CNS). As a consequence, research has focused on elucidating the cellular and molecular details of neuronal pathways, whereas glial cells have been regarded as elements of structural and trophic support, with no direct influence in information processing. However, in the past few years, evidence has accumulated indicating that glial networks may provide functional support to neuronal activity and may constitute dynamic pathways for electrical and chemical signaling in the CNS. Studies showing synchronous metabolic and electrical responses in astrocytes mediated by neuronal-glial interactions demonstrate that, in culture, both slow and rapid calcium waves propagate through the functional syncytium provided by the astrocytic network in response to iontophoretic application of glutamate to astrocytes (2) and to firing of glutamatergic neurons (3, 4) . Conversely, the propagation of astrocytic calcium waves to neurons has been more recently reported (5) (6) (7) . Calcium signaling from astrocytes to neurons in culture was proposed to be mediated by Ca 2ϩ -dependent glutamate release from nearby astrocytes and its interaction with neuronal membrane receptors (5, 6) . Although not established directly, gap-junction-mediated unidirectional propagation of calcium waves from astrocytes to neurons was also suggested to account for such glial-neuronal signaling in forebrain cocultures (7) .
Gap junctions have been recognized in all CNS cell types (8, 9) . Such membrane complexes are comprised of hemichannels contributed by each adjacent cell and aligned to form intercellular pores, permeable to inorganic ions and many small metabolites. The abundance of gap junctions in glia, and especially between astrocytes, enables these cells to form a functional syncytium with respect to movement of small ions and molecules (9, 10) . In addition to these direct intercellular connections, astrocytes seem to communicate by extracellular messengers (11) . Gap-junction proteins comprise the connexin family of more than a dozen members. The relative proportions and expression patterns of connexins change during CNS development (12) (13) (14) , raising the possibility that cellular compartments distinct in terms of metabolic and electrical cooperation could play a role in the functional sculpting of the brain. The perspective of heterocellular cooperativity at various levels in the CNS (5) (6) (7) (15) (16) (17) and the lack of direct evidence for electrical and metabolic coupling interlacing neuronal and glial networks have led us to evaluate the existence of functional gap junctions between neurons and astrocytes in primary cultures and its possible correlation to cellular maturation in the CNS. mycin, 2.5 g͞ml fungizone, and 10% (vol͞vol) FCS (37°C, 5% CO 2 atmosphere).
Isochronic Cultures. In isochronic cultures, cells were dissociated from brain hemispheres of E18-E20 (embryonic isochronic cultures) or P2 (postnatal isochronic cultures) rats and kept for 15 days in an incubator with minimal mechanical disturbance during medium changes to avoid neuronal detachment.
Heterochronic Cultures. In a first step, confluent astrocytic monolayers were obtained at the end of 2 weeks by culturing cells dissociated from P2 cerebral hemispheres. Alternatively, confluence was prevented by culturing astrocytes for up to 1 week before plating embryonic cells (see below). Medium was changed every 2 days, preceded by rinsing with PBS, a procedure that washes away neurons. Cellular purity was evaluated by immunostaining with antibodies to glial fibrillary acidic protein (GFAP), ␤-tubulin III, and 2Ј,3Ј-cyclic-nucleotide phosphohydrolase. In a second step, freshly dissociated embryonic cells (E18-E20) were plated onto astrocytic monolayers at a density of Ϸ50,000 cells per well. These cultures were grown for up to 1 week; medium was changed 24 h after adding the embryonic cells. Antigen expression, the extent of neuronal arborization, and junctional communication were assayed at different periods in these cultures, as detailed below.
Immunocytochemistry. Isochronic and heterochronic cultures were fixed with 4% (vol͞vol) paraformaldehyde in PBS (pH 7.4; 30 min at room temperature) before blocking [0.1% BSA or 5% (vol͞vol) normal rabbit serum, as pertinent] and overnight incubation with primary antibodies (polyclonal anti-GFAP, Dako; monoclonal anti-␤-tubulin III, Sigma; monoclonal anti-2Ј,3Ј-cyclic-nucleotide phosphohydrolase, Sigma). FITC-conjugated and rhodamine isothiocyanate (RITC)-conjugated secondary antibodies (Sigma) were employed for visualization under an epifluorescence Zeiss microscope. Cell nuclei were stained with bisbenzimide (Sigma). Horseradish peroxidase-labeled secondary antibody (Sigma) was detected by reaction with 0.3% (vol͞vol) H 2 O 2 and 0.1% (wt͞vol) diaminobenzidine (Sigma) in solution.
Neuronal Morphological Measurements. For morphological analysis, Ϸ100 ␤-tubulin III-positive cells chosen at random from six or seven microscope fields were studied on days 1-4 and 7 in the heterochronic cultures. Neurons were drawn by means of a camera-lucida apparatus attached to an Axioplan Zeiss microscope. Measurements at each time point were taken directly from drawings to evaluate (i) the number of primary processes, i.e., those arising directly from the soma, (ii) the total number of branching points in the neuritic tree, and (iii) neuritic field perimeter, obtained by tracing straight lines connecting outermost neurite endings. Data were compared as described later by means of the Mann-Whitney ranking test, with statistical significance assigned when P Ͻ 0.01.
Dye-Coupling Assays. For dye transfer studies, the small fluorochrome Lucifer yellow CH (LY; M r ϭ 443; Sigma) was injected into morphologically identified neuronal cells and less frequently into astrocytes, through microiontophoresis, enabling us to visualize, whenever present, junctional coupling during and after microinjections. The apparatus for intracellular injection of fluorescent probes consisted of a microelectrode holder connected to a battery-operated stimulator; 5% (wt͞vol) LY in 150 mM LiCl was injected intracellularly by application of brief hyperpolarizing voltage pulses through glass microelectrodes (A-M System, Everett, WA). Coinjections of LY and the gapjunction-impermeant molecule rhodamine B isothiocyanatedextran (RITC-dextran, M r Ϸ 40,000; Sigma) were also performed to mark the injected cell. In some instances, isochronic and heterochronic cultures assayed for dye coupling were fixed with 4% (vol͞vol) paraformaldehyde, allowing later identification of the injected cell type by antibody staining. As a further test for the involvement of gap junctions in intercellular spread of LY, octanol (Sigma) was added to the medium (final concentration of 1 mM). Dye injections were performed in the presence of the alcohol and after successive medium changes to determine whether uncoupling was reversible. All functional experiments, including dye microiontophoresis and electrophysiological assays (below), were carried out at room temperature (Ϸ25°C). At least 80 cells were injected with the fluorochrome in each experimental condition, and the number of cells to which LY had spread was counted at the end of a Ϸ1-min period after each dye injection. Data were organized in frequency histograms, as detailed below, and compared by means of the 2 test (statistical significance between data sets was assigned when P Ͻ 0.01).
Electrophysiological Assays. Junctional and nonjunctional currents were recorded by using AXOPATCH1-D amplifiers and analyzed by PCLAMP software (Axon Instruments, Foster City, CA). Polished-patch-type electrodes were used with resistance of about 5 M⍀. External solution contained (in mM) 165 (20) . Records were obtained at potentials that ranged between Ϫ80 mV and 80 mV, stepped by 10-mV increments from holding potentials between Ϫ80 and Ϫ90 mV. Tetrodotoxin (TTX) at 0.1 M was applied directly to the recording chamber leading to blockade of inward currents and its reversal after washout. Dual whole-cell voltage clamp was employed for electrical-coupling assays (21, 22) in pairs of neurons and astrocytes from both isochronic and heterochronic cultures. Electrotonic spread of current through the well coupled monolayer of astrocytes was minimized by use of subconfluent cocultures, as described above. Small voltage pulses (Ϫ10 mV) were alternately applied into a neuron and an astrocyte of each pair and junctional currents were detected as resulting deflections in the current recorded in the nonpulsed cell.
RESULTS

Cellular Phenotypic Characterization in Heterochronic and
Isochronic Cultures. Cellular identity was confirmed in heterochronic and isochronic cultures by double immunocytochemistry to ␤-tubulin III and GFAP, which are cytoskeletal markers for neurons and astrocytes, respectively ( 18 and 23) . These cultures did not contain significant numbers of other cell types, as judged by immunostaining with the cytoskeletal markers in cultures where nuclei were labeled with bisbenzimide (not shown). Specifically, oligodendrocytes were not present in these cultures, as indicated by the absence of immunoreactivity to the oligodendrocytic marker 2Ј,3Ј-cyclicnucleotide phosphohydrolase (not shown). GFAP-positive cells were large and rather flat, differing markedly from the ␤-tubulin III-positive cells, which were small, phase bright, and bipolar or multipolar. Immunostaining results thus indicated that astrocytes could be distinguished readily from neurons based on morphological criteria. As an additional test, neuronal excitability was evaluated in morphologically identified neurons; TTX-sensitive inward Na ϩ currents were present in 21 of 24 recordings of such cells (Fig. 1C) .
Gap-Junctional Coupling Between Neurons and Astrocytes in Heterochronic Cultures. Embryonic neurons, identified by using either morphological or morphological͞immunostaining criteria, were very frequently dye coupled to the astrocytic monolayer in the first 3 days after setting up the heterochronic cultures, as exemplified in Fig. 1D . Coupling between neurons was not detectable in our culture conditions. When coinjected with LY, the large gap-junction impermeant fluorescent conjugate RITCdextran (M r Ϸ 40,000) was restricted to the impaled cell in 96% of the microinjections (139 RITC-dextran single cells staining of 144 coinjections in two heterochronic cultures). LY coupling was reversibly abolished by 1 mM octanol, a blocker of junctional communication ( Fig. 1 E and F at 24 h and 48 h after plating neurons. Before adding octanol, detectable coupling was found in 57% of the dye injections; the incidence of coupling was reduced to 5% after a 10-min exposure to octanol and partially recovered (36% of the injections showing dye spread) after rinsing the cultures with normal medium. As a further proof of gap-junction-mediated heterocellular communication in these cultures, we recorded electrical coupling in pairs of neurons and astrocytes by using the dual whole-cell voltageclamp technique (21, 22) . In these experiments, identification of neurons was confirmed further by the presence of inward Na ϩ currents (Fig. 1C) . As illustrated in Fig. 1G , bidirectional junctional currents were recorded from pairs of neurons (I 1 ) and astrocytes (I 2 ; five cases of coupling in 19 pairs in heterochronic cultures between 24 h and 96 h). Although bidirectional electrical coupling predicts bidirectional dye coupling, spread of LY from confluent astrocytes to neurons was rarely observed (in 3 of 252 microinjections into astrocytes) in typical heterochronic cultures. In contrast, when performed in heterochronic cultures that were set up before astrocytes had reached confluence, Ϸ15% of dye injections into astrocytes resulted in spread of LY to an adjacent neuron, confirming the existence of bidirectional communication between these two cell types and suggesting that dye coupling from astrocytes to neurons in confluent cultures may be, at least partially, undetectable by dilution of the fluorochrome through the well coupled astrocytic monolayer. Also evident is the lower incidence of electrical coupling in subconfluent heterochronic cultures (up to 26%, evaluated between 24 h and 96 h) compared with incidence of dye coupling in confluent ones (up to 83%, in the same period). Such contrast may be ascribed to differences in astrocytic maturation (astrocytes were Ϸ1 week younger in subconfluent cultures) or simply to different cell densities; whereas several cells are available for functional dye coupling to neurons in confluent astrocytic monolayers, only one potential partner is available for electrical coupling in recordings from cell pairs.
Neuronal Morphological Differentiation Parallels Loss of Dye Coupling Between Neurons and Astrocytes in Heterochronic
Cultures. Enriched in astrocytes and virtually devoid of other glial cell types, cocultures of acutely dissociated neural cells on previously established astrocytic monolayers allowed us to investigate a possible correlation between neuronal maturation in vitro and the phenomenon of heterocellular coupling that we observed during the first days of heterochronic culture, as described above. For this investigation, we performed neuronal morphological measurements as well as dye-coupling assays at 24-h intervals up to 96 h and then 1 week after adding neural cells to the astrocyte monolayer. Neuronal arborization was indicated by immunostaining with peroxidase-conjugated secondary antibodies reacted against ␤-tubulin III monoclonal antibodies (Fig. 2 A-E) . Camera-lucida drawings of about 100 neurons at each time point (546 neurons in total) were used for measurements of the number of primary processes, the number of branching points, and the neuritic field perimeter (Fig. 3 A-C) . Increases in each of these parameters with time in heterochronic cultures are in accordance with previous reports of progressive neurite elongation, branching, and morphological differentiation in other culture types (26, 27) . Data derived from morphological measurements were compared by means of the nonparametric Mann-Whitney ranking test in successive pairs, corresponding to the periods studied.
Results indicated no significant differences between 24 h and 48 h or between 72 h and 96 h, whereas all the remaining comparisons indicated significant differences (P Ͻ 0.01). Dye injections were performed at the same time intervals (total of 569 injections), and representative samples are shown in Fig.  2 F-J. For each LY injection into a neuron, a variable number of astrocytes were labeled, ranging from a lack of dye coupling, in which LY was restricted to the injected neuron, to relatively extensive coupling, when the fluorescent probe was spread to more than 10 astrocytes within about 1 min. Data were then distributed into four different categories of dye-coupling extent [i.e.; (i) cases with no spread to astrocytes, (ii) spread to 1-4, (iii) to 5-10, or (iv) to Ͼ10 astrocytes] and plotted as frequency histograms, each corresponding to the different time points assayed after adding neural cells to the astrocytic monolayer (Fig.  2 Right) . By pairing these distributions sequentially and applying the 2 test, changes in the frequency of heterocellular coupling were confirmed. Distributions of dye coupling at 48 h and 72 h presented the highest incidence (i.e., percentage of coupling events) and extent of coupling, and were not statistically different. At 96 h, however, heterocellular dye coupling was less frequent, and after 1 week, neurons and astrocytes were rarely and poorly coupled (P Ͻ 0.01). As is evident from Fig. 2 , this gradual uncoupling, observed in LY microiontophoresis assays, parallels an enhancement of neuronal morphological complexity in heterochronic cultures. Although maturation of astrocytes was not assayed, we cannot discard its contribution to the reduction of heterocellular coupling observed. Nevertheless, the possibility that this uncoupling was merely reflecting a decrease in junctional communication between elements of the astrocytic syncytium was discarded, because LY injections performed into astrocytes at the same time intervals indicated constant incidence and increasing extent of homocellular coupling in the astrocytic monolayer (252 microinjections; data not shown).
Coupling Between Neurons and Astrocytes in Embryonic and Postnatal Isochronic Cultures. Previous studies have established a possible involvement of gap junctions in the unidirectional spread of calcium waves from astrocytes to neurons in rat forebrain embryonic cultures (7) . Using an analogous primary culture assay, herein named embryonic isochronic culture, we decided to investigate the existence of functional gap junctions between neurons and astrocytes by tracer-coupling measurements. Isochronic cultures from embryonic (E18-E20) brains were assayed for dye spread, and significant levels of heterocellular coupling were detectable, as illustrated in Fig. 4 A and F (80 microinjections, from which 26 were coinjections with LY͞ RITC-dextran with no detectable spread of the large conjugate to cells other than the injected neuron; Fig. 4B ). Data obtained with embryonic isochronic cultures were then compared with those obtained with analogous postnatal cultures. In vitro conditions were the same for both embryonic and postnatal isochronic Neurobiology: Fróes et al. Proc. Natl. Acad. Sci. USA 96 (1999) cultures. In contrast to embryonic cultures, neurons and astrocytes in postnatal (P2) isochronic cultures were predominantly not coupled (Fig. 4C) , as judged by dye assays summarized in the corresponding frequency histogram ( Fig. 4F ; 18% incidence of coupling; 88 microinjections) and double whole-cell voltageclamp recordings (no coupling in 16 neuron-astrocyte pairs). As pointed out above, antigenicity to ␤-tubulin III and GFAP were confirmed in these cultures (Fig. 4 D and E) , as was neuronal excitability, evaluated by the presence of TTX-sensitive inward Na ϩ currents (not shown).
DISCUSSION
Our data show that functional intercellular junctional channels connect neurons directly to astrocytes in vitro, defining a pathway for bidirectional electrical and metabolic signaling. The question arises as to whether gap junctions couple the neuronal and the glial syncytia in the intact developing brain. Neurons and astrocytes are the two prevalent cell types in the nervous tissue, especially in the gray matter, and form intricate cellular arrays that dominate the brain parenchyma beginning at early stages of the CNS ontogenesis. Prenatal GFAP expression can be attributed to at least two types of cells, both astrocyte precursors. One is the radial glial cell present very early, even before neurogenesis begins. A second one is presumably represented by a nonradial astrocyte precursor that migrates outward from the germinal layers, populates the cerebral wall, and seems to account for in situ generation of many astrocytes. At this stage, mature astrocytes may be present, although these are detected mostly after birth (28, 29) . Thus, neurons dissociated from cerebral hemispheres between E18 and E20 may contact astrocytes in situ at several stages of gliogenesis, and our data from in vitro studies indicate one of the multiple ways by which these cells might cross-interact. Our results show that embryonic neurons are frequently coupled to monolayered astrocytes during the first days in heterochronic cultures. These astrocytes are expected to be represented mainly by postnatal ones, plated 2 weeks before adding embryonic cells and left to grow to confluence. Nevertheless, we cannot eliminate the possibility of occasional interactions between neurons and young astrocytes that contribute to the pool of added embryonic cells. Moreover, our data show that embryonic neurons after 1 week in heterochronic cultures are rarely coupled to astrocytes. Using morphological indicators of neuronal maturation, we have established an inverse correlation between the frequency of junctional communication connecting neurons and astrocytes and the extent of neuronal maturation in these cultures. It is well established that neuronal morphological differentiation is accompanied by maturation of chemical synapses, as observed in both dissociated and organotypic primary CNS cultures (30) (31) (32) (33) (34) (35) . In addition, traditionally, it has been suggested that neuronal differentiation and, more specifically, final maturation of chemical synapses, follow the silencing of electrical ones (36, 37) . As chemical synaptic transmission remains to be evaluated in these cocultures, we cannot discard the possibility that some overlap in time exists between the onset of classical ligand-mediated intercellular signaling and the neuron-astrocyte junctional communication described herein. Although dissection of the cellular pathways that determine LY spreading from neurons to nearby astrocytes was not feasible in these studies, there are two possible extremes: one neuron coupled to many astrocytes and one neuron coupled to one astrocyte, which in turn couples to adjacent astrocytes. Whatever is the preferential route for dye spreading and electrical coupling Proc. Natl. Acad. Sci. USA 96 (1999) between neurons and astrocytes, the time profile of heterocellular junctional communication described for heterochronic cultures probably reflects a modulation of gap junctions that directly connect neurons to astrocytes. Supporting this possibility is the evidence that junctional coupling in the astrocyte monolayer does not decay with time in culture. Although bidirectional, the evidence of heterocellular junctional coupling in embryonic isochronic cultures reinforces Nedergaard's (7) previous suggestions for the existence of functional gap junctions mediating calcium signaling from astrocytes to neurons in similar culture conditions. Also, we have compared heterocellular coupling measured in embryonic cultures with data obtained from similar postnatal cultures. After 2 weeks in isochronic cultures, neurons and astrocytes from postnatal brains were virtually uncoupled, whereas, in E18-E20 isochronic cultures, these cells were significantly dye coupled. Neurons and astrocytes are probably less mature in the embryonic than in the postnatal brain tissues, and the difference may be maintained during the 2-week period in vitro. Therefore, the lower incidence of heterocellular coupling detected in postnatal isochronic cultures, relative to embryonic ones, indicates the possibility of an inverse correlation between this communication and in situ cellular maturation, as observed with in vitro neuronal maturation in heterochronic cultures.
Heterocellular coupling between elements of neuroglia has been shown for astrocytes with oligodendrocytes and Müller cells (15) (16) (17) 38) . Coupling between astrocytes and oligodendrocytes has been suggested to increase with time in coculture (17) , paralleling the increased coupling over this period seen between oligodendrocytes (39). Our results identify an additional form of heterocellular coupling that interconnects astrocytes to neurons. Although we have not evaluated whether neurons can couple to oligodendrocytes in appropriate cocultures, the inverse relationship found here between neuronal maturation and the frequency of astrocyte-neuronal coupling occurred at developmental stages that precede establishment of coupling between astrocytes and oligodendrocytes (17) . It seems likely that functional cooperation mediated by gap junctions between neuronal and astrocytic networks would be restricted to early periods of brain histogenesis.
In recent years, a considerable effort has been made to elucidate the mechanisms that underlie the intercellular propagation of calcium waves in the CNS, as a way to identify additional means of intercellular signaling and their possible consequences for brain physiology. Calcium waves have been shown to propagate between astrocytes (10), at least in some cases mediated by an extracellular signal (11) , and also from these cells to neurons in culture (5) (6) (7) . Communication between neurons and astrocytes (7) and elevation of neuronal calcium levels evoked by glutamate released from adjacent astrocytes (5) have been postulated as routes for calcium-wave propagation from astrocytes to neurons. By a combination of dye-injection assays and electrophysiological records in neuron͞astrocyte cocultures, we have established bidirectional junctional coupling, thus substantiating gapjunctional communication as a viable route for the spread of second messengers between neurons and astrocytes, at least in culture.
Recently, we have shown that neurons are able to induce differentiation of young astrocytes (40) . Our in vitro manipulations suggest that coupling between neurons and astrocytes is a transient phenomenon, as it correlates inversely to cellular maturation. This inverse relationship favors the hypothesis that coupling would involve young neurons and astrocytes at early periods of brain histogenesis, and this coupling may be one of the possible ways by which neurons could induce astrocytic maturation. Certainly, a direct pathway for the exchange of nutrients and cell messengers between neuronal and glial cell types is an appealing mechanism for metabolic cooperativity and excitability modulation in the developing nervous tissue. Furthermore, it includes astrocytes as potential transient mediators of local excitability, a circuit previously presumed to be built exclusively by neurons. The establishment of direct low-resistance pathways for electrical and metabolic interplay between neurons and astrocytes could be a necessary early step for cell-specific recognition and differentiation in the CNS. Additional studies are required to establish the functional significance and the developmental regulation of such direct pathways for intercellular signaling in brain slices. These experiments may prove fundamental in unveiling the cellular and molecular rules that govern CNS ontogenesis.
